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Abstract: We report a novel design and operation of a highly integrated miniature handheld 
OCT probe, with high-speed angiography function that can be used in clinical settings for 
young children and infants, providing rapid, non-invasive structural and angiographic 
imaging of the retina and choroid. The imaging system is operated at 200 kHz, with 3D OCT 
and OCTA scan time of 0.8 and 3.2 seconds, respectively, and the scanning angle on the pupil 
is ± 36°, covering the full perifoveal region. Operator assisting features of the direct-view iris 
camera and on-probe display are integrated into the hand-held probe, and the fixation target 
can display animations to attract the attention of young subjects. Compared to conventional 
OCT systems, the high-speed hand-held OCT system significantly improves the operator’s 
experience and scanning efficiency, which is important for imaging infants. Imaging results 
indicate a significant reduction in total time consumption in pediatric ophthalmic imaging 
sessions, as well as the image quality of OCT angiography. 

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 
Childhood blindness refers to a group of diseases and conditions, which, if not treated in time, 
can lead to permanent vision loss that can severely impact the quality of life of patients and 
their family. It has been reported that retinopathy of prematurity (ROP), a vision-threatening 
disease associated with abnormal retinal vascular development, is a prevalent disease in 
premature infants and a leading cause for blindness in children in the developed as well as 
developing countries [1–4]. It is estimated that over 50,000 children are blind from ROP 
worldwide [5]. The basic reason for high incidence of ROP nowadays is that the number of 
infants being born premature (less than 1500g) has increased tremendously [6]. Most ROP 
regress spontaneously without treatment by the process of involution or evolution from a 
vasoproliferative phase to a fibrotic phase [7]; however, more severe cases need therapeutic 
treatment to prevent blindness. This calls for an effective neonatal screening and follow-up 
exams to assist early diagnosis and decision making. Binocular Indirect Ophthalmoscope 
(BIO) is recognized as the gold standard for screening and diagnosis of ROP [3]. The 
advantage of BIO is its capability of complete documentation of ROP. However, there are 
also a number of disadvantages in BIO, including: 1) Time-consuming; 2) Painful and 
uncomfortable for the infants due to the use of speculum and indenter; and 3) Poor inter-
observer agreement. 

There have been tremendous efforts in developing and clinically testing ophthalmic 
imaging instruments for ROP screening. With the advent of hand-held digital fundus imaging 
device, e.g. RetCam (Massie Laboratories, Inc., Pleasanton, CA, USA), the screening of ROP 
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using this digital imaging device has proved a potential alternative to BIO. A contact lens is 
however required to place on the cornea during the retinal screening [3]. Compared to the 
BIO, the digital fundus camera is easier to use, and can provide high-resolution fundus image 
with excellent reproducibility. While in neonatal situation, the image quality sometimes is 
poor and limits the diagnosis of ROP [8]. The possible reason for this limitation may attribute 
to: 1) the difficulty in imaging the small eyes of infants with small palpebral fissures, which 
prevent good corneal contact with the lens nosepiece; 2) insufficient sensitivity; and 3) poor 
mydriasis [9,10]. Other limitations for neonatal ROP screening using the digital fundus 
camera includes painful and uncomfortable screening procedure, and sometimes retinal 
hemorrhages after screening [11]. 

For the purpose of diagnosing aggressive ROP accurately, Fluorescein Angiography (FA) 
is often used as a diagnostic tool in infants for ROP in risk. Many investigations have 
demonstrated that some vascular abnormalities observed by means of FA cannot be seen by 
using an indirect ophthalmoscopy [12,13]. FA provides a more accurate and objective 
assessment of the stage and zone of the diseases to be carried out. However, the limitation of 
FA is the requirement of dye injection, which raises severe medical safety concerns especially 
for premature infants, plus significant time costs added to the procedure. 

Optical coherence tomography (OCT) is a well-established noncontact and noninvasive 
imaging technique for detailed assessment of microanatomy and pathology of the retina, and 
has become a routine diagnostic imaging tool used worldwide in modern ophthalmology 
[14,15]. Optical coherence tomography angiography (OCTA) has the capability of detecting 
intrinsic motion within different layers of the retina to depict blood flow [16–19]. Therefore, 
it can provide similar blood vessel network information to that FA does, but without 
fluorescein dye injection. We believe that this ability of OCTA can provide new insights into 
the diagnosis of ROP and has the potential to become a new diagnostic tool for ROP. While 
most commercial OCT systems were designed as tabletop units for adults and patients who 
are cooperative and are able to maintain a stable position in a chin rest during the test, they 
are not amendable to imaging infants [20]. Currently, there are two commercially available 
portable OCT systems for neonatal ROP screening: Leica Envisu C-class (Leica 
Microsystems Inc., IL, USA) and Optovue iStand (Optovue Inc., Fremont, CA, USA). Envisu 
is a portable spectral domain (SD)-OCT system with hand-held probe. The OCT engine (32 
kHz A-line rate) of this system is mounted into a medical cart, making it possible to adapt 
different scenarios in a medical center. The hand-held probe of the system features 
lightweight design with refraction correction from + 10 to −12 D. Optovue iStand is also a 
SD-OCT based potable retinal imaging system (26 kHz A-line rate) with a scanner head 
mounted on an armature for imaging patients in supine position. Besides, Optovue has a 
fundus camera that can guide OCT to the region of interest for imaging [20]. A number of 
research groups across several countries have reported their neonatal retinal imaging results 
using these systems [21–27]. However, the relatively low A-line rate of both systems limit 
their ability to perform OCTA scans in hand-held configuration. Thus, these available 
commercial systems have limitation in accurate diagnosis ROP at early stage both in terms of 
system operability and image quality. 

There are a few research groups who have attempted the development of high-
performance hand-held OCT/OCTA probe using high-speed (over 100kHz) swept-source 
laser for ROP screening. Yang and Campbell et al. reported their light weight, 100 kHz A-
line-rate handheld probe for OCTA applications and demonstrated high-quality OCTA 
images in awake adults and anesthetized infants [21,28]. Christian et al. reported their 200 
kHz A-line-rate handheld OCTA probe designed on an innovative ‘5F’ (focus) optical 
system, demonstrating OCTA image of foveal area and optical nerve head [29]. Despite of the 
impressive wide-field structural imaging results, no reports of OCTA at larger than 20° scan 
angle were seen in these studies, most likely due to high demands of imaging efficiency of 
OCTA on neonates. With the latest developments of MEMS scanner, more features were 

                                                                      Vol. 10, No. 5 | 1 May 2019 | BIOMEDICAL OPTICS EXPRESS 2384 



introduced to 
display, was 
pediatric retin

In this stu
handheld OC
clinical settin
neonatal ROP
swept-source 
direct-view i
introduced o
imaging effic
resolution ret
Here, the ma
probe and tes
adult and pre-

2. Methods 
The hand-hel
engine, a hig
data visualiza
system is disp
As an overvie
OCT imaging
enclosed, wit
assembled wi
space of 4U h
which can be 

Fig. 1
appea

A photogr
system was fi
was mounted 

miniature han
demonstrated 

nal imaging res
udy, we introdu
T probe, with 

ngs for young
P screening mo

laser. We hav
ris camera, o
n-probe contr

ciency, as well
tinal structural 
ain objective o
st its feasibility
-mature infants

ld ophthalmic 
ghly-integrated 
ations to deliv
played in Fig. 
ew, the hand-h
g engine, hand-
th detachable 
ithin a standard
height, the final
easily transpor

1. Overview of h
arance of the system

raph of the full
fitted onto a m

onto a lower p

nd-held OCT p
by MIT grou

sults were repo
uce a novel de
high-speed, w

g children and
odalities, we de
ve re-designed
on-probe displ
rols of motor
l as optimized 

image and an
of this study is
y of providing
s. 

OCT (HHO-O
custom desig

ver OCT and O
1, showing the

held ophthalmi
-held probe, an
connectors. Bo
d, portable 19-
l prototype sys
rted to clinical 

hand-held ophthal
m is illustrated in l

ly constructed 
mobile sit-stand
position of wor

probe, such as 
up [30]. Howev
rted on this im

esign and opera
wide-field angio
d infants. To 
eveloped a por
d the features 
lay for operat
rized optomec
usability in cl

ngiogram acqu
s to describe t
g retinal struct

OCT) system i
ned probe, mu
OCTA images
e architecture o
c OCT system
nd a computing
oth the imagin
-inch rack encl
stem measures 
bed-side for im

lmic OCT system
lower right insert.

imaging system
d workstation (
rkstation pillar 

direct-view iri
ever, neither an
maging probe. 

ation of a high
ography functi
overcome the 
rtable OCT sys
to support inf

tor when per
chanical comp
linical environ

uired from adu
the features of
tural images a

incorporates a
ultiple stages 
s. A schematic
of the overall i

m consists of th
g unit. All thre
ng engine and
losure. With ea
a minimal 19 

maging. 

m hardware config

m is displayed 
(Workfit-C, Er
r while the OCT

is camera and 
ngiography im

hly integrated m
ion that can b

limitations o
stem based on 
fant imaging i
rforming imag
ponents for im
nments. We re
ults and awake
f this newly d

and angiogram

a high-through
of data proces
c drawing of 
imaging system

hree major com
ee components
d computer mo
ach module tak
× 21.5 × 14-in

guration. External

in Fig. 2(a). T
rgotron). The 
T engine was p

on-probe 
maging or 

miniature 
e used in 

of current 
 200 kHz 
include a 

ging, and 
mproving 
port high 

e neonate. 
developed 

ms in both 

hput OCT 
ssing and 
the OCT 

m design. 
mponents: 
s are self-
odule are 
king rack 

nch space, 

 

l 

The whole 
computer 
placed on 

                                                                      Vol. 10, No. 5 | 1 May 2019 | BIOMEDICAL OPTICS EXPRESS 2385 



the workstatio
the probe asse
by both axia
directions are
from central w
resolution wa
was limited b
For typical fie
was 15.75 µm
(~8 µm, calcu

Fig. 2
hand. 

2.1 OCT ima

Laser source

A 200-kHz M
was used as th
range of 105.
of the sweep 
during forwar
64.8%. A Ma
to provide a 
sampling of t
clock signal 
invalid sweep
digitizer. The 

Interferomet

The OCT inte
coupler provi
front panel o
remaining ligh
adjust the ref
sample arm, 
photodetector

on desk. The p
embly was 948

al and lateral 
e de-coupled in
wavelength and
as measured at 
by the sampling
eld-of-view of 

m, larger than th
ulated from 1.7

2. Photographs of (

aging engine 

e 

MEMS-tunable
he light source
2 nm. The lase
was utilized. A
rd scan is 3.24 
ach Zehnder in
sampling cloc
the spectrum. 
was invalid. T

p times to pre
average sampl

er 

erferometer con
ded a split of 2

of the OCT im
ht to a motoriz
ference power

then combine
rs for signal de

probe in hand-
8 grams. The r
resolution ind
n OCT. The th
d bandwidth o
8.9 µm (FWH

g interval on a
f 6.3x6.3 mm s
he diffraction l

7 mm beam on 

(a) full assembly o

e swept laser s
e, providing a c
er has an avera

Although forwa
µs out of 5.0 µ

nterferometer (M
ck for the data
During the inv
The digitizer w
event malfunct
ling clock was

nsisted of a 20
20% laser ener
maging engine
zed, variable op
r. The referenc
ed at the sec
tection, which 

-held position 
resolution of th

dependently, b
heoretical axia
f laser source w

HM of the PSF
a B-scan, i.e. th
sampled at 400
limited scannin
15.44 mm axia

of SS-OCT system

source (AXP5
central wavelen
aged output po
ard sweep duty
µs sweep perio
MZI) was inte

a acquisition d
valid sweep ti
was programm
tions of ADC 
 428.5 MHz, p

:80 fiber coupl
rgy that was de
e. The other a
ptical delay lin
ce signal, as w
cond coupler, 

was integrated

is shown in F
he imaging sy

because the re
al resolution of
was 4.6 µm, h

F). The lateral 
he spacing betw
0 x 400 A-scan
ng beam spot s
al eye length).

m. (b) Hand-held p

50124-3, AXSU
ngth of 1051 n
ower of 24.4 m
y cycle is 82.9
od, giving a va
egrated inside t
digitizer, in ord
ime (>3.24 µs 
med to switch 

(analog to di
providing 1376

ler and a 50:50
elivered to the 
arm of the fir
ne, where iris d
well as the re
and split 50/

d within the las

ig. 2(b). The w
ystem was char
esolution on th
f the system c

however the ac
resolution on t
ween adjacent 
ns, the lateral r
ize on an infan

 

probe in operator’s

UN Technolog
nm and a spectr
mW. Only one 
%, valid sweep

alid sweep duty
the laser sourc
der to achieve
 post-trigger), 
to a dummy 

igital converter
6 clocks per sw

0 fiber coupler.
sample arm po
rst coupler ca
diaphragms wa
turned signal 
/50 onto the 
ser module. 

weight of 
racterized 
hese two 

calculated 
tual axial 
the retina 
A-scans. 

resolution 
nt’s retina 

s 

gies Inc.) 
ral tuning 
direction 

ping time 
y cycle of 
e module 

e linear-K 
the MZI 
clock at 

r) on the 
weep. 

. The first 
ort on the 
arried the 
as used to 
from the 
balanced 

                                                                      Vol. 10, No. 5 | 1 May 2019 | BIOMEDICAL OPTICS EXPRESS 2386 



Electronic pe

The electroni
Multifunction
purposes: a) 
Dual channel 
One channel 
digital wavefo
line and pola
(Cambridge T
Opto-mechan
motorized po
signals requir
panel of the O
and the rest 
interface for i
for on-probe d

Computer 

The compute
Technologies 
be streamed o
streaming, PC
provided cont
throughput fr
software is d
interface (GU
collection and

2.2 Hand-he

Fig. 3
showi
fiber a
are sim
Galva
Dichr
Fixati
iris vi
upper

eripherals 

ics of the OC
n I/O: a NI-U
Dual channel 
analog input f
digital wavefo
orm output for
arization contr

Technologies 6
nical controller
olarization con
red by the han
OCT imaging e
of the imaging
iris viewer cam
display. 

er was equipp
Inc.) for colle

onto hard-driv
CIe-based solid
tinuous disk w
rom digitizer w

developed with
UI) and functio
d playback. 

eld probe 

3. (a) Front view 
ing internal optica
and electrical wire
mplified. SCRo - 

anometers, fs - Sca
oic mirror to sepa
ion screen relay le
iewer image durin
r image is a target f

CT imaging en
USB 6341 (Na

analog output
for monitoring 
orm output for 
r controlling op
roller. (2) Sca

673) was used t
rs, including a 
ntroller. (4) Pa
nd-held probe w
engine. This sim
g system. The

mera, one USB

ped with a hi
ecting OCT sig
ve for later pro
d state drive (

writing speed o
without signif

h C + + and L
onalities of re

of hand-held OC
al and mechanical 
es are omitted. Ou
Screen for operat

anning lens, DCM
arate iris viewer li
ens, fcr – iris viewe
ng data acquisitio
for adult retina im

ngine was co
ational Instrum
t for generatin
user inputs fro
digitizer sync

pto-mechanical
anner servo-dr
to drive the sca
motorized op

ass-through sig
was passed thr
mplified the co
e signal pass-t
B interface for 

gh-speed PCI
gnal and real-t
ocessing. In or
(MZ-V7E1T0B
of 1.9 GB/s, w
ficant delay du
LabVIEW plat
eal-time 2D pr

CT probe with ho
configurations. In
uter housing and m
tor, SCRf - Screen

M1- Dichroic mirro
ight, Ms - Reflect
er CCD relay lens,
on (d) Examples o

maging, bottom ima

omposed of th
ments) device 
ng galvanomet
om the joystick
chronization; a
l components, 
rivers: dual-ax
anners inside t

ptical delay lin
gnals for OCT
rough from the
onnection inter
through assem
fixation displa

e-based digiti
time display. T
rder to minimi
BW, Samsung
which is capab
uring writing 
tform, that pro
review imagin

ousing. (b) Simpli
nternal connections
mechanical positio
n for subject eye 
or to separate OC
tion mirror for fix
, foph – Ophthalmic
of fixation screen
age is for pediatric

he following p
was used for 

ter scanning si
k on hand-held 
and d) Two ch

including opti
xis galvo serv
the hand-held p
ne, and a singl
T probe: the e
e computer to 
rface between t

mbly included o
ay, and HDMI 

izer (ATS9373
The raw data c
ize the latency

g Electronics C
ble of handling

to hard-drive.
ovides a graph
ng, as well as 

ified section view
s including optical
oning components
fixation. Gx/Gy -

CT beam, DCM2 -
xation screen. fsr –
c lens. (c) Typical

n display contents
c imaging. 

parts: (1) 
multiple 

ignals; b) 
probe; c) 

hannels of 
ical delay 
vo driver 
probe. (3) 
le-paddle, 
electronic 
the front 

the probe 
one USB 
interface 

3, Alazar 
could also 
y for data 
Co., Ltd.) 
g the data 
. Custom 
hical user 

3D data 

 

w 
l 
s 
- 
- 
– 
l 
, 

                                                                      Vol. 10, No. 5 | 1 May 2019 | BIOMEDICAL OPTICS EXPRESS 2387 



OCT optics 

The OCT laser beam enters the hand-held probe from a fixed focus fiber collimator with an 
initial 1/e2 beam diameter of 3.4 mm. The beam is scanned by a paired X-Y galvo scanning 
mirror set (6200H/XY, Cambridge Technology, shown as Gx/Gy in Fig. 3), forming raster 
sampling patterns that consist of a series of fast (x-axis) and slow (y-axis) scans. The driving 
signals to generate scan pattern is provided by the OCT software, and then delivered to the 
servo-drivers as analogue waveform of maximum amplitude of +/− 10V. Galvo scanners are 
configured to +/− 20° mechanical deflect angle at +/− 10V input. Scanning beam first enters 
an achromatic lens (fs in f = 50 mm), and then after 75 mm distance, enters a paired 
achromatic lens group, functioning as ophthalmic lens (effective f = 25 mm, foph in Fig. 3). 
This set of combined lenses works as 2x telescope, which amplifies the scanning angle from 
+/−20° to +/−36° so that the filed-of-view on retina is extended. The beam diameter is also 
de-magnified to 1.7 mm at iris plane. The working distance (from lower rim of probe to the 
pupil of subject) is 17 mm. The optical power measured at the position of subject’s cornea is 
1.9 mW, including iris viewer illumination. 

Iris viewer 

Iris viewer is integrated into the hand-held probe in order to assist the operator for rapid 
positioning and alignment of the OCT probe with the optical axis of subject eye. The working 
wavelength for the iris viewer is 805 nm, as the subject iris is illuminated by a ring of 850 nm 
LEDs underneath the ophthalmic lens casing (Fig. 3). The benefit of near-IR illumination is 
that, the iris viewer maintains excellent functionality at low light environment, thus avoiding 
the contraction of pupil when illuminated by visible light. Back-scattered light from subject’s 
iris goes through the ophthalmic lens, and reflected by two dichroic mirrors, then received by 
a 1/3-inch format, monochrome CMOS camera (MT9M021, The Imaging Source LLC.). The 
camera sends real-time video to the PC, which is displayed on the operator’s screen (SCRo) 
for visual feedback of probe positioning. The two dichroic mirrors are: DCM1, a long-pass 
dichroic mirror (DMLP900R, Thorlabs Inc.) with a cut-off wavelength at 900 nm, inserted 
between the scanning lens (fs) and the ophthalmic lens (foph, Fig. 3); and DCM2, a short-pass 
dichroic mirror (DMSP805, Thorlabs Inc.), cut-off wavelength at 805 nm to separate the iris 
viewer optical path and fixation screen optical path. The size of DCM1 is 36 x 25 x 1 mm (L 
x W x H), placed at 45° to OCT beam axis, providing 25 x 25 mm aperture for the scanning 
optics without sacrificing OCT scan range. OCT imaging is tested with and without installing 
DCM1 mirror, and the image quality degradation due to installation of DCM1 is negligible. 
Typical image from the iris viewer is presented in Fig. 3(c). Note that, the cross-shaped 
pattern seen on cornea is the scan-pattern that is utilized when the imaging system is in 
preview mode (orthogonal B-scan). This pattern can be used as an indication of optical axis of 
the probe being aligned with the apex of cornea. 

Fixation screen 

The purpose of the fixation screen is to provide a fixation target for the test subject to stare at, 
during OCT imaging operations. In our prototype design, a 0.96-inch, 128 x 128 pixel OLED 
display module is used to display simple graphics. Light emitted from the OLED screen goes 
through lenses fsr, fcr, dichroic mirror DCM2, reflected by DCM1, and then delivered to 
subject’s eye through ophthalmic lens foph, as shown in Fig. 3. Any patterns generated by the 
computer can be displayed. However, in the current prototype, for adults who are typically 
cooperative during imaging, a plus marker “+” is displayed for maintaining fixation. For 
pediatric imaging, simple animations can be played on the screen to attract attention from 
young children. This animation display is particularly useful to promote their cooperation so 
that they can maintain still during the OCT/OCTA scans. However, the fixation screen is 
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2.3 Image acquisition 

Imaging procedures 

In this study, 3D OCT/OCTA imaging sessions were conducted in laboratory environment on 
healthy adult volunteers, as well as in Neonatal Intensive Care Unit (NICU) environments for 
premature infants. NICU subjects were selected by the pediatric ophthalmologists during 
ROP screening. The inclusion criteria are determined by neonatologists, i.e., that subjects’ 
vital signs should be stable enough to undergo hand-held OCT imaging. Visual inspection of 
the infants’ pupil was performed in advance under the same environment, and mydriatics eye 
drops were only applied if the pupil diameter was below 3 mm. There was no other 
medication applied for the infants. Written consents were obtained from subjects/parent(s) 
prior to imaging. The use of OCT laboratory equipment was approved by the Institutional 
Review Board of the University of Washington, and the study conformed to the tenets of the 
Declaration of Helsinki. 

The procedures for imaging NICU infants are briefly as follows: 1) Infant subject was laid 
with a comfortable position on their back (i.e., on a supine position), and vital signs of subject 
to be suitable for imaging were confirmed. 2) The hand-held probe was then approached to 
subject right eye (OD) by a clinical operator. 3) The subject’s iris was positioned at the center 
of iris view image. 4) The on-probe joystick was used to adjust reference delay, so that the 
OCT image of retina is positioned in the middle of system ranging on the display. 5) The 
joystick was used to control reference polarization, and maximize OCT image intensity. 6) 
When confirmed ready, start button on the joystick was then pushed to start data acquisition. 
The probe was maintained still during imaging with assistance from iris viewer. 

The procedures for imaging adult subjects follow similar protocol for imaging NICU 
infants, except that no vital sign monitoring is necessary. Images were taken with the subject 
and operator both at sitting position. Operator was resting their elbows on a desk and using 
two fingers as spacer between the probe and subject’s eye-lids. The subject was asked to stare 
at the fixation screen inside the probe. No external fixation or support device is required. All 
data collected are processed offline after imaging sessions. 

Scanning protocol 

Depending on the scanning mode, the hand-held OCT has three categories of scanning 
protocol: 1) 2D preview mode: x axis galvo scans through one horizontal line on retina to 
form one B-scan, and then y-axis galvo scans through a vertical line, forming a set of 
orthogonal imaging planes. Then this pattern is repeated until operator is satisfied with 
targeting. A-line number per B-scan is 500. 2) 3D OCTA mode: 400 A-line per B-scan, 4 
repeated B-scans per imaging plane, 400 planes, and total image number: 1600. Bi-directional 
B-scan protocol is utilized in order to eliminating time required for galvo fly-back [31], thus 
optimizing imaging throughput. Image acquisition time is only 3.2 seconds, with B-scan 
interval of 2.5 ms. 3) 3D structural OCT mode: similar scan protocol to OCTA, but without 
repeated scanned at each B-scan position. The resultant image volume contains 400 B-scan 
images, with 400 A-lines per B-scan. Imaging collection time is 0.8 second [32]. 

2.4 Data processing and visualization 

As described by the scanning protocol section above, each volumetric C-scan is formed by a 
stack of B-scans. With OCTA imaging protocol, each group of repeated B-scans were 
processed into two images, one being the OCT structural image and another the OCTA 
angiogram. The procedure for the data processing is summarized as follows, also shown in 
Fig. 4) Raw data from digitizer is re-assembled to a 2D array, with first dimension as 
wavelength, and second dimension is A-line index, i.e. lateral position. 2) Raw spectrum is 
convolved with a phase vector, to compensate for dispersion mismatch. This phase vector is 
obtained from a calibration procedure described in [33]. 3) FFT is performed along k, and half 
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distortion field is calculated by comparing to the standard pattern. The resultant distortion 
vector map is shown in Fig. 5(b), together with contour plot showing the distortion amplitude. 
Most area of the field-of-view has distortion less than 100 µm, and the mean amplitude of 
distortion is 57.1 µm. Top portion of the image presents larger distortion due to lower 
scanning velocity at the beginning of each B-scan. Nevertheless, the overall distortion of 
image meets the distortion requirement of the standard for visualization and quantification 
purposes. If, however, further improvement of image fidelity is required, an evenly spaced 
sampling grid can be derived from the distortion vector map, so that images can be re-
sampled accordingly, to eliminate field distortion. 

3.2 Healthy adult imaging 

Retina imaging was conducted on healthy adult volunteer, with OCTA scanning protocol. As 
time consumption is an essential metric for user experience, we used stop-watch to record the 
time for completing each step of our imaging. The time required to target at macular region 
was below 10 seconds in 8 out of 10 attempts, and approximately 20 seconds were required to 
optimize the image by maneuvering the positioning of the probe and adjusting the system 
polarization. 

 

Fig. 6. Hand-held ophthalmic OCT structural imaging results acquired from a healthy adult. (a) 
Wide-field (10 x 10 mm2) En-face average intensity projection of retina (b) Corresponding 
wide-field structural projection of choroid. (c) Two selected cross-section B-scans from 3-D 
scan result, imaging planes are indicated by dashed lines in en-face projection image. (d) En-
face average intensity projection. (e) Two selected B-scans. All scale bars: 1 mm. 

Typical OCT intensity image results from a normal subject (OD, 29 yr male) are 
presented in the form of en-face average intensity projection (Fig. 6(a),(b),(d)), as well as 
selected cross-sectional B-scans (Fig. 6(c), (e)). Each cross-sectional image displayed was 
averaged from 12 B-scans acquired at 3 imaging planes (4 repeated B-scans at each imaging 
plane). The wide-field imaging had a scan area of 10 x 10 mm2 (Fig. 6(a)-(c)), and Fig. 
6(d)(e)) presents a higher-magnification scan area of 5 x 5 mm2. In the wide-field structural 
projection image (Fig. 6(a)), an overview of the retina is visualized. Large and medium sized 
blood vessel are also visible. Averaged choroidal intensity projection image is presented in 
Fig. 6(b), where large choroidal vessels can be traced due to their dark appearance [39]. Two 
selected B-scans are presented at cross-sectional planes on fovea and optic nerve head. In 
these images, each physiological layer in the retina can be individually identified. The 
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imaging system also provided sufficient sensitivity to show sparsely distributed hyper-
reflective opacities in vitreous, as well as to visualize the posterior cortical vitreous. All these 
results correspond well to the anatomy of the posterior eyes in standard textbooks [40]. In 
high-magnification imaging (Fig. 6(d), (e)), denser lateral sampling (12.5 μm pixel spacing 
compared to 25 μm at wide-field) was possible given the fixed imaging speed of 200 kHz of 
the system, providing retinal anatomical information with higher fidelity. 

Imaging results has shown that, hand-held OCTA probe used in this study is capable of 
providing capillary-level resolution en face OCTA images. Superficial and deep retina 
angiography with wide field-of-view are shown in Fig. 7(a) and (b), respectively. Images 
were produced by maximum intensity projection (MIP) of corresponding layers. False color 
image is presented in Fig. 7(c), where superficial and deep retina layers are color coded to red 
and green channels respectively, so the retinal vessel morphology, as well as depth 
information can be presented in the same image. Figure 7(d) shows two partially enlarged 
images from Fig. 7(c), one from lower left region (1 x 1 mm2), and one from central fovea 
(2.5 x 2.5 mm2), so that the details of angiogram are depicted. One can conclude that at large 
field-of-view, details in capillary vessels were washed out, especially in central fovea. In 
perifoveal region, capillaries could be partially resolved since inter-capillary distance gets 
larger. Higher magnification retinal images were collected using smaller FoV and results are 
displayed in Fig. 7(e)-7(g)): en face MIP images of superficial retina layer (e), deep retina 
layer (f), and false-color depth encoded image (g). The parafoveal capillaries were clearly 
visible, thereby allowing visualization of the foveal avascular zone (FAZ). Vascular ring is 
visible around the FAZ, and capillary vascular density appears to increase radially with the 
increase of its distance to the foveal center, which can be observed on both superficial retina 
(Fig. 7(e)) and deep retina (Fig. 7(f)) layers. For choroid layers, due to the limitations in 
system lateral resolution, the detailed structure of choriocapillaris is not visible, so the 
projection images are omitted here. 

 

Fig. 7. Hand-held OCTA imaging results obtained from a healthy adult. Wide-field (10mm x 
10mm) en face OCTA of (a) superficial retina layer, (b) deep retina layer, and (c) Color 
encoded OCTA of superficial and deep retina. (d) Partial enlarged images from (c) to show 
capillary details. Location of these two enlarged regions are indicated in (c), with white boxes. 
Higher magnification en face OCTA (5mm x 5mm) of macular region: (e) superficial retina 
layer, (f) deep retina layer. (g) Higher magnification color encoded OCTA of superficial and 
deep retina. All scale bars: 1 mm unless noted otherwise. 
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3.3 Imaging of premature infants 

Preliminary imaging sessions were performed on seven premature infants in NICU. The 
infants had a mean ( ± SD) gestational age of 28 weeks 2 days ( ± 3 weeks 2 days). Mean 
(SD) postmenstrual age (PMA) at imaging was 36 weeks 4 days ( ± 3 weeks 2 days). There 
were two operators involved in this study with extensive experiences using a commercially 
available hand-held ophthalmology OCT system (Envisu C2300, Leica Microsystems). Both 
of whom has reported that the prototype hand-held OCT probe used in this study is 
significantly more comfortable and efficient, due to the introduction of iris viewer and on-
probe display that provides rich visual feedback when positioning the probe. This was also 
confirmed by statistics of time consumption during imaging sessions. The imaging system 
was able to capture a first retina image for 85% (6/7) subjects in under 30 seconds. Compared 
to a previous study where only 31% of imaging sessions were able to capture an image in <1 
minute [32], indicating that the prototype hand-held OCT probe reported here is over 4 times 
more time-efficient. Due to the difference in eye axial length between infants and adults, the 
FoV is effectively smaller on infants. For example, for the same scanning angle, 10 mm 
scanning range on adult retina is equivalent to 6.3 mm on a 32-week PMA infant. 

Two representative imaging results for structural imaging are presented below in Fig. 8. 
Images are acquired using the OCTA protocol, so each B-scan was the averaged result from 4 
repeated scans on a same position. Figure 8(a), 8(b) are a wide-field volume acquired from an 
infant at postmenstrual age of 40 weeks. Similar to the images acquired from adults, all the 
layers in subject’s retina and choroid are clearly resolved. All structural images indicate that 
OCT imaging penetration depth into choroid is significantly higher than adults. Figure 8(c, d) 
are the imaging results obtained from a premature infant at even earlier stage with 
postmenstrual age of 28 weeks at imaging. In this case, choroidal prematurity is observed 
where the choroid appears significantly thinner, compared to that of postmenstrual age of 40 
weeks. 

 

Fig. 8. Hand-held ophthalmic OCT structural imaging results on pre-mature infants. Results 
obtained from an infant of 40-week gestational age, with an imaging field of view at 7.0 x 
7.0mm: (a) En-face average intensity projection (b) three selected cross-section B-scans from 
3-D scan result, imaging planes are indicated by dashed lines in en-face projection image. 
Results obtained from an infant of 28-week gestational age, with an imaging field of view at 
3.6 x 3.6 mm: (c) En-face average intensity projection. (d) three selected B-scans. All scale 
bars: 1 mm. 
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The same two data sets as shown in Fig. 8 was processed by OCTA algorithms and the 
resulting angiographic results are presented in Fig. 9. First row (a-d) are the OCTA maximum 
intensity projection en face images produced from four layers, superficial retina, deep retina, 
choriocapillaris, and deep choroidal layer, respectively. With this wide-field format, Fig. 9(a) 
has shown satisfying angiography image quality that reveals the artery and veins on retina. 
With the retina being in developing stage, capillaries are not as clearly distinguished as 
normal adult imaging at wide-field format, nevertheless, the OCTA image can still provide 
valuable information of vessel density, complexity, and tortuosity etc. Choriocapillaris also 
appears to be blurry due to low sampling density (Fig. 9(c)), however, choroidal vessels (Fig. 
9(d),(h)) are visualized much better than adult imaging results, possibly due to the under-
development of retinal pigment epithelium (RPE) layer, which may exhibit lower light 
scattering when compared with the fully developed RPE in the adult. Figure 9(e)-(h) are the 
OCTA en face images presented in the same order as first row, which were obtained from an 
infant at 28-week gestational age. These results were obtained from a smaller FoV at 3.6 x 3.6 
mm, thus the sampling density is higher when compared to the FOV of 7.0 x 7.0mm. Except 
for the regions that are affected from iris shadowing (lower right region), capillaries on the 
retinal layers (Fig. 9(e), (f)) can be well resolved. Choriocapillaris (Fig. 9(g)) are also 
observed to form a dense fenestrated pattern. All these results indicate that, angiography of 
the retinal vasculature on premature infants can be readily achieved with the hand-held 
OCTA probe, scan protocol, and post-processing algorithm. 

 

Fig. 9. OCTA imaging results can be obtained from premature infants. Results were obtained 
from an infant at gestational age of 40 weeks, with a FOV of 7.0 x 7.0mm: (a-d) OCTA 
maximum intensity projection en face images produced from four layers, superficial retina, 
deep retina, choriocapillaris, and deep choroid, respectively. (e-h) higher magnification OCTA 
en face images were obtained from an infant at gestational age of 28 weeks, with a FOV of 3.6 
x 3.6mm, which are presented in the same order as the row above. All scale bars: 1 mm. 

4. Discussion and conclusions 
We have described our newly developed clinical prototype miniature hand-held OCT probe 
that incorporates protocols and algorithms that permit in vivo imaging of 3D retinal structures 
and microvasculature with high resolution in adults as well as premature infants. We have 
focused on the improvement of the usability of the imaging system enabled by a number of 
innovations, including a direct-viewing iris camera, real-time orthogonal OCT image 
viewing, and an on-probe display. These innovations provided multiple visual feedbacks to 
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the operator that dramatically improve the successful rate of the infant imaging. The 
combination of high-speed SS-OCT and user-orientated design was proved successful in 
providing reliable 3D OCT and OCTA images in an NICU environment. 

There are still a few limitations using the prototype handheld OCT system for RoP 
screening purpose, which warrants further improvement. So far, the largest field-of-view 
provided by our system was about 40 degrees viewing angle (at pupil entrance). Although this 
was already considered as wide-field OCT/OCTA, it is still too small to cover peripheral 
retina, where the characteristics of RoP are most essential. Nevertheless, re-configurations of 
scanning optics can be made to the probe, by increasing the angular magnification of the 4-f 
system in front of the eye, with reduced pupil entrance beam diameter, and extended viewing 
angle. In doing so, the resultant OCTA image is potentially capable of providing more 
information in peripheral retina, with the trade-off of reduced lateral resolution. The 
limitations of increasing magnification also include shortening the focal length of the 
ophthalmic lens in front of the eye, thus reducing the working distance of the probe and 
making the operations more difficult. 

We recognize that there is a high demand for advanced skills from the operator. To use 
any hand-held OCT probe for infant imaging, it typically requires large amount of 
experiences with OCT systems. This is due to the highly demanding probe positioning 
procedure, where in order to position the probe correctly and properly, the operator must 
control 6 degrees of freedom (DoF) simultaneously, including all three translational DoF and 
three rotational DoF of the probe. Our innovative prototype hand-held OCT probe has, in 
some degrees, addressed these issues by providing multiple visual feedbacks for probe 
positioning. However, there is still room for further improvement of the experience in 
maneuvering the probe that can rapidly target the desired field-of-view on infants’ fundus. 
Future designs that aim to integrate a second, high-speed posterior eye imaging modality, e.g. 
scanning laser ophthalmoscope, might be a solution to this problem. 

Motion artifact is a major barrier for obtaining reliable OCTA images. We have found 
that, using two fingers as spacer between the probe and the subject’s eye, the operator 
becomes significantly more confident to stabilize during imaging. However, motions from the 
subject, especially from uncooperative infants, can also deteriorate the OCTA image quality. 
Higher speed swept lasers, advanced scanning protocols and post-processing stabilization 
techniques are the promising routes to reduce the scanning time and achieve higher OCTA 
image fidelity. 

In summary, we have demonstrated the advantages of miniature handheld clinical 
prototype OCT that is suitable for rapid, non-invasive imaging in infants, including premature 
babies. As OCT imaging technologies continue to advance, our proposed hand-held OCTA 
probe would promise a useful clinical tool for pediatric ophthalmic diagnosis as well as 
prematurity screening. 
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